The cyclic load number of aero-engine blade during its service life is very likely beyond 107, which is regarded as the conventional fatigue limit. Moreover, surface strengthening is very often used in the manufacturing process of blade. The conventional testing method in the VHCF regime cannot exactly reflect the stress state of the blade, including the mechanism of crack initiation. To study the fatigue behavior and effects of laser shock peening, a kind of bending fatigue subcomponent specimen was designed and the laser shock peening model was established. Experiment about TC17 was accomplished by the Ulra-High Cycle bending fatigue system. It is found that the fatigue damage occurs beneath the surface and the S-N curve is continuously rather than multi-step declining in the VHCF regime. Process of surface strengthening has a significant effect on fatigue performance of TC17 titanium alloy.
Introduction
During their service lives，aero-engine blades are subject to centrifugal loads and alternating vibration load. When the excited frequency is close to the blade's natural frequency, as the result of resonance, the cyclic number of large load is increasing dramatically. For instance，under the high order mode resonance at the frequency of 1852Hz, the fourth grade blade of a certain type of aero-engine withstands 10 9 cyclic load only in 150 hours. In Engine Structural Integrity Program(ENSIP), fatigue life requirements for aero-engine components has been increased from 10 7 to 10 9 [1] . Especially following the application of surface strengthening and improvement of manufacture process, the life span of the aero-engine blade is prolonged gradually. Carrying out a research on blade's properties in the VHCF regime has a significant influence on guaranteeing its operational reliability and safety.
Recently years, input from new insights is necessary to enable the development of new testing facilities and methods. To obtain a higher number of cycles per time , Morgan and Milligan developed a new sevo-hydraulic machines working in the frequency range of 1000Hz [2] . Measurements on control accuracy and power response are taken by Zimmermann and Christ [3] . Fisher C suggested a piezo-electric driven testing facility which is working at the frequency of 500Hz or 1.8 KHz [4] . Meantime, experiments on material properties in the VHCF regime are continually conducted，especially about titanium and high strength steel , for they are common metals in aviation industry [5] [6] [7] . However, the experiments are very often investigated by imposing tension-compression stress, torsion moment or forced oscillation. The results present the fatigue properties of materials rather than the real structures. As we know, aero-engine blades withstand the aerodynamic load whose frequency can be up to thousands of Hertz. The vibration modes and working stress states are very complex. Testing methods based on conventional the dumbbell-shaped specimen cannot exactly reflect the blade's fatigue damage behavior.
Taking the fourth grade blade of a certain type of aero-engine as an example, the paper analyzes the vibration characteristics and then designs a kind of subcomponent specimen which is in the same state of stress with the blade during the experiment. To study on the effects of surface strengthening, experiments with subcomponent specimen as well as the surface strengthened specimen are carried out.
Analysis of blade's vibration characteristics
As the engine is running, compressor rotates in a high speed. Blades have to withstand not only centrifugal force, moment and aerodynamic load，but also forces caused by surge, resonance and flutter.
While the blade is vibrating, relative relationship of each part determines the modes and state of stress. The vibration mode and stress distribution of the blade are analyzed with Ansys. Based on the analysis, a kind of subcomponent specimen is designed.
According to the measured data, three dimensional entity mode of the blade is built with UG. In terms of meshing, unit 186 and way of free meshing are chosen. Above all, there are 3229 elements and 5976 nodes. Entity mode and grids are shown in Figure1.
Figure1. Entity mode and meshing grids
In general, there are three different fixed states commonly used in analysis of blade's vibration. One is that two sides of tenon are clamped support, another is two sides of tenon as well as the bottom side clamped support, and the last way is fixing all sides. In the paper, we make two sides fixed and at the z direction flexible condition is utilized. Through changing the elastic stiffness, pretension at the z direction is controlled. According to reference 8, we set value is 1.5×1014N/m. According to boundary condition, the blade is in a free vibration state. Block Lanczos vector superposition method is used in calculation. Considering that high order vibration modes rarely occur, only first four order modes are discussed in the essay. The calculated distribution of stress is shown in Figure2.
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Advances in Very High Cycle Fatigue shows the maximum stress locates at the root of blade in the first bending mode and in the third bending mode. Fracture caused by bending vibration is the most common failure mode. Once blade's fracture occurs at the root, it will result in great damage to the engine and even lead to airplane crash. So study on fatigue damage caused by first bending mode has great significance.
Design of subcomponent specimen
Usually, structure fatigue testing methods can be divided into three categories: material test, subcomponent test and component test. Subcomponent test is a kind of fatigue property test with specimens which in the process of test have the same or similar stress state with the real structure.
LCF and HCF fatigue tests are executed in accordance with Chinese National Standards or ASTM specifications. However, very high cycle fatigue tests have not yet developed the appropriate standards. Referring to HCF fatigue test, dumbbell-shaped specimens are usually utilized in VHCF fatigue test. These material tests based on dumbbell-shaped specimens cannot accurately reflect the actual fatigue behavior of structure, as well as their fatigue performance. In this section, a kind of subcomponent specimen which has the same vibration mode with the blade in the testing process is suggested. The specimen is shown in Figure. 3(a). Due to concentration of stress at the junction，the break location is too close to clamping parts. To optimize the designing scheme, the thickness of fixed segment is increased by 2mm and junction is chamfered. The improved specimen is shown in We get stress distribution of the specimen in first order bending with Ansys which is shown in Fig.4 .
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Figure4. Distribution of stress under first order bending mode Figure 4 shows that the maximum stress is located at the center of arc. The frequency of first order bending mode is 20076Hz. Compared with 20000Hz, the standard frequency of Ultrasonic fatigue testing machine，the error is 0.38%，which is less than the tolerance of 2.5%.
Very high cycle fatigue experiment
Very high cycle fatigue bending system is established whose exciting frequency is 20 KHz. Then to find out effects of laser shock peening on improving the fatigue performance, experiments are carried out using the system.
Very high cycle fatigue bending system
The schematic diagram of system is shown in Fig.5 . The system consists of high frequency generator, piezo-electric transducer, cool unit, computer controlling system and laser-type displacement transducer.
Figure5. Very high cycle fatigue bending system
Before the test, vibration displacement is calibrated. Loading and data acquisition are all controlled by computer. Once the specimen breaks, the resonance no longer exists and the system where C s is a coefficient related to the material's density, elasticity modulus and shape of specimen. A 0 is measured by laser-type transducer and transferred to the computer in order to adjust the maximum stress.
Experiment scheme
Contrast test is carried out in this section. The specimens were separated into two groups. Each group has 25 pieces of specimen. The first group do not be strengthened， while the second group are strengthened by laser with time of 50ns. Parameters of the laser are given in Table 1 Figure6 shows that after the process of laser shock, the grain gets smaller and the dislocation density increases considerably. We may also see many nonlinear grain boundaries are unclear, which indicates a high level of both internal stress and distortion of lattice. Then we conduct a fatigue test with the two groups of specimen. In the test, air cooling system is used to keep the specimens at room temperature(25℃).
Fracture analysis
Figure7 indicates both interior initiated and surface initiated fracture of the untreated specimen. From SEM morphology, we can see that in some samples crack initiates from the surface, while in others the crack source is on the subsurface which is 300nm below the surface.
The interior cracks of TC17 untreated specimen do not present the image of "fish-eye". This indicates that TC17 titanium high cycle fatigue crack initiation does not depend on the internal Key Engineering Materials Vol. 664 inclusions and defects, consistent with the conclusions of reference 9. Bathias [10] observes that for titanium α phase lath is an internal crack source. Since the microstructure inhomogeneity, high cycle fatigue crack initiation can be internal αp grain, αp boundaries and α-β boundaries [11] [12] . So the internal crack sources of TC17 titanium in the very high cycle fatigue domain have no 'fish-eye' appearances. Figure7 . Crack sources at the surface and the subsurface Surface cracks extend in a way of nearly semicircular extension. Subsurface crack generally extend in a way of nearly circular way. Quasi-cleavage fracture characteristics are observed in the first stage of crack growth. Quasi-cleavage fracture belongs to brittle transgranular. It propagates along certain crystal planes, and its plastic deformation is greater than the cleavage fracture and less than ductile fracture. At this stage there exists a lot of quasi-cleavage facet accompanying with a large number of secondary cracks. The fatigue striations and secondary cracks are shown in Figure8.
Figure8. Fatigue striation and secondary crack
On the fracture surface, secondary cracks show a continuous distribution. A small quantity of dimples exists near the fatigue striation. The interior crack source of laser shock peening specimen is shown in Figure9. Unlike the untreated specimen, the crack almost propagates from the subsurface.
92
Advances in Very High Cycle Fatigue Figure9 . Fracture morphology of surface strengthened specimen After process of LSP, there exists residual compressive stress in the surface and the maximum of stress occurs in the subsurface instead of surface in the test of bending fatigue. In addition, grain refinement and increase of dislocation density in the surface of material also hinder the crack initiation from the surface of the material.
LSP and the effects on fatigue properties
We get S-N curves from the experiment data, the two S-N curves are showed in Figure10. From figure10, we can see TC17 has no typical fatigue limit, and the S-N curve declines continuously after 107 cycles. Process of LSP presents a great effect to improve the fatigue life of the material. Under the stress level of 650MPa, the specimen withstands 2.63×108 cycles, while the fatigue life after LSP process is 9.9×108.
When laser reaches the material, the surface layer absorbs the energy and a thin layer of plasma is formed. Then the layer of plasma explodes and shock waves are generated. The strength of shock waves is greater than the yield strength of the material. Plastic deformation occurs in the surface layer. Then the laser-induced shock waves disappear, and the deformation is restricted by its surrounding material resulting in residual compressive stress field in the surface layer. Surface residual comprehensive stress hinders the initiation of cracks on the surface, and increases the effects of crack closure to reduce the growth rate. Figure 11 shows the mechanism of improving the fatigue performance. As material is subjected to bending loads, work stress increases from the neutral layer to surface. Once the stress exceeds the threshold of surface crack initiation, crack initiates and extends. After the process of LSP, the surface stress decreases and maximum stress is on the subsurface. Meanwhile, the grain refinement and dislocation density increase in the surface layer make the crack difficult to initiate from the surface. So the crack is more apt to initiate from the subsurface.
